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We present a systematic study of spin and lattice dynamics in the quasi-one-dimensional spiral
magnet CuBr2, using Raman scattering in conjunction with infrared and neutron spectroscopy.
Along with the development of spin correlations upon cooling, we observe a rich set of broad Raman
bands at energies that correspond to phonon-dispersion energies near the one-dimensional magnetic
wave vector. The low-energy bands further exhibit a distinct intensity maximum at the spiral
magnetic ordering temperature. We attribute these unusual observations to two possible underlying
mechanisms: (1) formation of hybrid spin-lattice excitations, and/or (2) “quadrumerization” of the
lattice caused by spin-singlet entanglement in competition with the spiral magnetism.
PACS numbers: 78.30.Hv, 75.50.Ee, 75.85.+t 75.25.-j
Multiferroic spiral magnets [1–4] offer a useful test
ground for us to gain insight into the coupling between
the spin and lattice degrees of freedom. While exten-
sive understanding of magnetoelastic effects have been
attained in the static regime [5–10], investigation of their
counterparts in the dynamic regime has proved a more
demanding task. The challenge is in part brought about
by a rich yet diverse set of experimental observations
in both spiral [11–21] and colinear magnets [22–25], for
which a unified theory is still lacking. To make progress
in this direction, it is desirable to study materials with
simple crystal and magnetic structure, so that the lat-
tice and spin dynamics can be separately determined and
compared.
An even more interesting case is when spiral mag-
netism meets low dimensionality. In reduced dimensions,
long-range magnetic order becomes unstable against
thermal and/or quantum fluctuations, whereas local en-
tanglement of spins (i.e., spin singlets) becomes more fa-
vorable since each spin has only a small number of inter-
acting neighbors. Competition between Ne´el-type long-
range magnetic order and spin-singlet formation has been
widely explored in one-dimensional (1D) antiferromag-
netic chains, with in-depth investigations both in the-
ory [26–29] and in experiments particularly for the case
of spin- 1
2
systems [30–32]. Low-dimensional spiral mag-
nets, which commonly host frustrating spin interactions,
are particularly interesting because magnetic frustration
may further promote spin-singlet formation [33–35]. As
spin-singlet valence bonds and lattice dimerization are
often two sides of the same coin in real materials [36–38],
this provides a second route to magnetoelastic coupling,
distinct from the one related to spiral magnetism which
requires explicit consideration of spin-orbit interactions
[2–4].
The recently discovered multiferroic material CuBr2
[39] presents an interesting case in this regard. CuBr2 has
a simple crystal structure that belongs to the monoclinic
space group C12/m1 (#12), with only three atoms in
the primitive cell. The structure consists of edge-sharing
CuBr4 squares that form ribbons running along the b
axis. Each ribbon constitutes a spin- 1
2
chain with dom-
inating next-nearest-neighbor antiferromagnetic spin in-
teractions, whereas the nearest-neighbor (ferromagnetic)
and inter-chain spin interactions are considerably weaker
[40], rendering the system as quasi-1D. Because of the
frustrating intra-chain interactions and the presence of
inter-chain interactions, an incommensurate spiral mag-
netic order develops below TN = 73.5 K with a propa-
gating wave vector QAF = (1, 0.235, 0.5) in reciprocal
lattice units (r.l.u.) [39–41]. The component qM = 0.235
along the bˆ∗ direction corresponds to about 85◦ spin ro-
tation between adjacent Cu along the chain. A sketch
of the crystal and spin structure can be found in Supple-
mental Material (SM). Such a spin pattern breaks the in-
version symmetry and gives rise to spontaneous ferroelec-
tric polarization below TN via the inverse-Dzyaloshinskii-
Moriya mechanism [42]. Here, we report a systematic
characterization of dynamic signatures of magnetoelastic
coupling in CuBr2 that are likely related to the spiral
magnetism and/or the low dimensionality of the system.
Throughout our presentation, the polarization geome-
tries of infrared (Raman) experiments are indicated by
one (two) italic letter that specifies the incoming (incom-
ing and scattered) photon polarization with respect to
crystallographic directions. A detailed description of our
experimental methods can be found in SM. Figure 1(a-
b) displays Raman spectra obtained in the aa geometry
over a wide temperature (T ) and energy range. Upon
cooling, a broad signal develops with an increasing char-
acteristic energy, and intensities averaged over three rep-
resentative spectral ranges (R1-R3), which are calculated
by integrating the areas, all show clear anomalies at TN
[Fig. 1(c)]. The T dependence, together with the distri-
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FIG. 1. (a and b) Variable-T Raman spectra obtained in the
aa geometry. The peak at about 15 meV (between the two
sharp phonon peaks) originates from two-phonon scattering.
Phonon signals below 30 meV deeply saturate the color scale
in (a) which is chosen to highlight the high-energy features.
R1-R3 in (a) denote three representative spectral ranges, the
intensities averaged over which are displayed in (c). Dashed-
dotted lines indicate TN.
bution of spectral weight primarily in the 40-100 meV
range at low temperatures in accordance with estimated
strength of spin interactions [40], indicates that the sig-
nal originates from spin excitations and is presumably
dominated by two-magnon scattering [43]. Although be-
coming very broad, the signal persists to temperatures
well above TN, suggesting that short-range spin correla-
tions are present even at room temperature. The spectral
weight transfer from low to high energy below TN indi-
cates the development of a spin gap, consistent with our
neutron scattering results in Fig. 3(a-b).
There are a total of six optical phonon branches in
CuBr2. At the Brillouin zone (BZ) center, three modes
are Raman-active (2×Ag+Bg) and the remaining three
are infrared-active (Au + 2×Bu). They can be detected
in aa- (or bb-) and ab-polarized Raman spectra, and in
b- and a-polarized infrared spectra, respectively. Indeed,
using Raman and infrared measurements, we are able to
detect all of them (see SM, Fig. S3). Moreover, the ener-
gies determined form the measurements agree well with
the values from the first-principle calculations (see SM
for details). Thus, we can be assured of our exhaustive
determination of the BZ-center phonons.
We present our main observation, as seen in Raman
spectra obtained in the bb geometry, in Fig. 2(a). This
geometry is equivalent to aa as far as symmetry-related
selection rules are concerned. The spectra are neverthe-
less very different from those in Fig. 1(b) because of dif-
ference in the scattering matrix elements. As temper-
ature is lowered from 295 K, we observe a continuous
development of a rich set of broad bands: The broad
band at P2 has a characteristic energy that is nearly the
FIG. 2. (a) Raman spectra obtained in the bb geometry at se-
lected temperatures, offset for clarity. Symbols at the bottom
indicate Raman-active optical phonons (red filled), infrared-
active optical phonons (red empty) and Raman broad bands
(blue), and are coded with data and labels in panels (b-d).
(b) T dependence of integrated intensities of broad Raman
bands, offset for clarity. The intensities are determined by
fitting the spectra over a nearby energy range to one or two
(broad + sharp) peaks on a linear background. (c and d) INS
data from energy cuts at four momentum positions, measured
at 15 K with incident neutron energies 17 meV (c) and 55
meV (d), offset for clarity. The b-polarized Au phonon (right
empty triangle) is expected not to be observable by INS at
the measured Γ point (2, 0, -1).
same as the Bg phonon, but it is not to be mistaken
with the phonon which is much sharper in energy (SM,
Fig. S3). Similarly, the two sharpAg phonon peaks reside
on top of broad bands at P1 and P3, but they have very
different T dependence of the intensities (SM, Fig. S4).
The combined features at P1 and P3 have an asymmetric
Fano line shape [44] on the phonon peak, indicating pos-
sible interference between two scattering processes (SM,
Fig. S5).
In order to attain a comprehensive view of the charac-
teristic energies, the optical phonons and broad bands are
labeled by different symbols at the bottom of Fig. 2(a).
We find that each of the six optical phonons is accompa-
nied by a broad band, except for the Bg mode at 14 meV
which is close to two broad bands. Moreover, all broad
bands exhibit an intensity anomaly near TN [Fig. 2(b)];
3FIG. 3. (a and b) Phonon and magnon dispersions determined
by INS at 80 K and 15 K, respectively. (c) Schematic of hy-
bridization between phonons (grey dashed line) and magnons
(grey solid line), which leads to opening of hybridization
gaps and a redistribution of spin and lattice contribution to
the eigenvectors. The Raman spectrum in (d) is calculated
based on the new momentum selection rule at the magnetic
wave vector (green vertical line) using the schematic magnon-
phonon dispersion in (c) (see SM for details). The bottom of
the magnon dispersion is too low in energy to be observed in
our Raman experiment away from the elastic line.
the fact that many of them are readily observable at high
temperatures is in accordance with the presence of short-
range spin correlations well above TN. These results sug-
gest that the broad bands have an origin related to both
phonons and magnetism. Broad bands at energies above
33 meV can be related to two-phonon excitations and are
thus compatible with this interpretation.
To understand why the broad-band energies are close
but not exactly equal to the phonon energies at the BZ
center, we resort to a comparison with our inelastic neu-
tron scattering (INS) experiment, which allows us to de-
tect phonons away from the BZ center. Data of several
energy cuts, obtained at 15 K, are displayed in Fig. 2(c-
d), together with phonon and broad-band labels after
those in Fig. 2(a). At the Γ point, we find an excellent
agreement among our Raman, infrared, and INS determi-
nation of the phonon energies, but there is no INS signal
that corresponds to the broad bands at 4.7 and 9.4 meV
[Fig. 2(c)]. Instead, INS phonon peaks, with continuous
dispersion throughout the BZ, are found at these ener-
gies at momentum positions that are offset from Γ by qM
along b∗, or further by 0.5 r.l.u. along c∗ (and anywhere
in between). The weak dispersion along c∗ is due to
the weak inter-layer van der Waals interactions [39]. A
particularly revealing case is the broad band at about
4.7 meV, which is below all optical phonon branches.
Figure 3(a) shows, in another equivalent Brillouin zone,
that the corresponding INS peak is on the dispersion of
an acoustic phonon branch. We therefore conclude that
the broad bands are connected to phonon dispersions at
qMbˆ
∗.
Here we discuss two possible scenarios that may ex-
plain our observation. In the first scenario, since
the broad-band energies are related to phonon disper-
sions near qMbˆ
∗, they may result from finite-momentum
bosons (i.e., phonon and magnon) in the presence of
quasi-static spin correlations. We outline here the con-
ceptual thrusts for the new Raman momentum selec-
tion rule, whereas the theoretical derivations that lead
to a calculable model is detailed in the SM. The con-
ventional Raman scattering process for phonons involves
three steps: (1) A photon is absorbed and the material
makes a transition to a virtual electronic excited state.
(2) Electron-phonon interaction causes energy transfer
to the lattice in the form of a zone-center phonon. (3)
The electronic system relaxes and a photon with less en-
ergy (Stokes scattering) is emitted. With spin-orbit cou-
pling, however, the second step can take an alternative
route, leading to intermediate states with magnon ex-
citations [43, 45]. In the presence of spin correlations
characterized by wave vector qs, creation and annihila-
tion of linear magnons near qs becomes possible. The
excitations of magnons alone, however, cannot produce
distinct peak-like structures in a Raman spectrum. It
must be aided by magnon-phonon hybridization, which
can lead to a situation illustrated in Fig. 3(c) calculated
based on a schematic hybridization model (see SM for
details). The hybridization results in a non-zero contri-
bution from spins on the “phonon” branch. In the 1D
limit, this gives rise to van Hove singularities so that the
hybridized modes produce a peak in the Raman spec-
trum [Fig. 3(d)]. Just above TN, the inter-chain order-
ing is lost and the spin correlations become mostly 1D,
as is confirmed by the collapse of spin gaps at the 1D
but not the 3D magnetic wave vector [Fig. 3(a-b)]. The
Raman peak is hence expected to be maximized at TN,
consistent with our experimental observation. It must
be emphasized that the present theory in this scenario
requires both spin-orbit coupling and the finite qs spin
correlation at the same time. Without spin-orbit cou-
pling, the Raman process cannot involve magnon exci-
tations. Without the spin-correlation at qs, the Raman
process can only involve zone-center bosons, without the
new momentum selection rule.
In our second scenario, the Raman broad bands arise
from regular phonons near the 1D wave vector qMbˆ
∗,
which become back-folded to the nominal BZ center in
the presence of quasi-static lattice distortions. However,
the long-range spiral magnetic order is not expected to
cause lattice distortions with wave vector qMbˆ
∗ (but in-
stead, at q = 0 and/or 2qMbˆ
∗), and an origin related
to the spiral magnetism is further incompatible with the
decrease of Raman intensities below TN. To overcome
this difficulty, we look into the possibility of alternative
spin correlations. In the limit that only the dominant an-
tiferromagnetic interactions between next-nearest neigh-
bors are present, the spin system of CuBr2 becomes fully
1D and each CuBr2 ribbon can be viewed as two inter-
4FIG. 4. (a) Schematic of possible spin-singlet formation in a
Cu chain. Each singlet occupies a pair of next-nearest neigh-
bors, causing the affected Cu2+ ions to slightly approach each
other. The lattice is therefore deformed in a “quadrumerized”
fashion. (b) Schematic of spin-flop transition below and above
a critical magnetic field of ≈ 2.3 Tesla applied along the b axis.
(c) Uniform magnetic susceptibility of CuBr2 measured in low
and high magnetic fields. The inset displays a comparison of
the T -dependent intensity of the Raman broad band near 4.7
meV (Fig. 2) and the depletion of uniform magnetic suscep-
tibility below 200 K measured in a magnetic field of 7 Tesla
along the b direction.
penetrating spin-1/2 antiferromagnetic chains. With the
help of a deformable lattice, it has been demonstrated in
various spin- 1
2
antiferromagnetic chain compounds [46–
48] that a spin-Peierls state [36] can be stabilized at
low temperatures, which breaks the lattice translational
symmetry by forming a crystalline arrangement of spin-
singlet valence bonds. Indeed, back-folding of phonons
has been observed with Raman scattering in spin-Peierls
compounds both in the spin-Peierls state [49, 50] and in
the short-range ordered state [51]. Figure 4(a) illustrates
the possible situation in a Cu chain of CuBr2. Upon
the putative formation of next-nearest-neighbor spin sin-
glets, the Cu chain will “quadrumerize” with wave vec-
tor 0.25bˆ∗. This wave vector is indistinguishable from
qMbˆ
∗ concerning phonon-dispersion energies, so it will
be consistent with our observation. Since no transition
to a spin-Peierls state has been identified in CuBr2, and
because our Raman features are broad, we think it is
possible that CuBr2 is in a “valence-bond liquid” (VBL)
state above TN. The competition between spin-singlet
formation and long-range spiral magnetic order can then
explain the unusual T dependence of the Raman intensi-
ties.
A further piece of experimental evidence in support
of the second scenario is presented in Fig. 4(b-c). In
the long-range spiral magnetic state, CuBr2 exhibit easy-
plane spin anisotropy with the b axis lying in the easy
plane [39, 52]. A spin-flop transition can hence occur if
a sufficiently large magnetic field is applied along b, as
is indeed observed above HSF ≈ 2.3 T (SM, Fig. S6).
In a magnetic susceptibility measurement, a large part
of the susceptibility depletion due to the formation of
spin spirals will thus be recovered [53] if the measure-
ment is performed in a magnetic field greater than HSF.
Our measurements performed in fields of 0.1 T and 7 T
[Fig. 4(c)] confirm that this is at least partially the case
below TN. However, the susceptibility depletion starts
already below ∼ 200 K which is well above TN. The fact
that no spin-flop recovery of the susceptibility can be ob-
served between TN and 200 K suggests that the depletion
is not caused by spiral spin correlations, but probably by
the presence of a VBL state. In fact, we do not ob-
serve a full spin-flop recovery of the susceptibility even
below TN, implying that the relevance of the assumed
VBL state persists even deeply into the magnetically or-
dered phase. Remarkably, the depleted magnetic sus-
ceptibility not recovered in the high-field measurement
exhibits a temperature dependence very similar to that
of the Raman broad-band intensities [Fig. 4(c) inset]. If
the VBL scenario is true, CuBr2 presents a dimensional
crossover from 1D (well above TN) to 3D physics (near
and below TN), and despite the 3D long-range order even-
tually wins, short-range entanglement of spins and a lo-
cally quadrumerized lattice exist at all times. To our
knowledge, such a crossover has never been observed in
a spiral magnet.
To summarize, we have reported spectroscopic evi-
dence for magnetoelastic coupling in CuBr2. The phe-
nomena are consistent with phonon back-folding from
near the quasi-1D spiral magnetic wave vector, although
the temperature dependence of the Raman intensities re-
quires additional thoughts. We attribute our observation
to the formation of hybrid spin-lattice excitations near
the spiral magnetic wave vector, and/or to the short-
range formation of spin singlets with local lattice defor-
mations in competition with the spiral magnetism. The
quasi-static lattice deformations in the second scenario
are expected to give rise to diffuse signals in x-ray scat-
tering experiments, which are currently underway.
We wish to thank P. Bourges, P. Abbamonte, T.
Dong, C. Fang, B. Keimer, D.-H. Lee, J. Park, L.-
P. Regnault, F. Wang, and W.-Q. Yu for stimulating
discussions. Work at Peking University is supported
by NSFC (Nos. 11374024, 11522429, and 11174009)
and MOST (Nos. 2013CB921901, 2013CB921903, and
2015CB921302). The neutron experiment at the MLF,
J-PARC was performed under a user program (Proposal
No. 2014B0032).
∗ These authors contributed equally to this study.
† Present address: Beijing Institute of Nanoenergy and
Nanosystems, Chinese Academy of Sciences, Beijing
100083, China
‡ jfeng11@pku.edu.cn
§ yuan.li@pku.edu.cn
5[1] N. A. Spaldin and M. Fiebig, Science 309, 391 (2005).
[2] S.-W. Cheong and M. Mostovoy, Nature Materials 6, 13
(2007).
[3] D. Khomskii, Physics 2, 20 (2009).
[4] Y. Tokura and S. Seki, Adv. Mater. 22, 1554 (2010).
[5] H. Katsura, N. Nagaosa, and A. V. Balatsky,
Phys. Rev. Lett. 95, 057205 (2005).
[6] I. A. Sergienko and E. Dagotto,
Phys. Rev. B 73, 094434 (2006).
[7] M. Mostovoy, Phys. Rev. Lett. 96, 067601 (2006).
[8] H. J. Xiang, S.-H. Wei, M.-H. Whangbo, and J. L. F.
Da Silva, Phys. Rev. Lett. 101, 037209 (2008).
[9] S. Dong, R. Yu, S. Yunoki, J.-M. Liu, and E. Dagotto,
Phys. Rev. B 78, 155121 (2008).
[10] X. Z. Lu, X. Wu, and H. J. Xiang,
Phys. Rev. B 91, 100405 (2015).
[11] M. E. Valentine, S. Koohpayeh, M. Mourigal, T. M.
McQueen, C. Broholm, N. Drichko, S. E. Dutton,
R. J. Cava, T. Birol, H. Das, and C. J. Fennie,
Phys. Rev. B 91, 144411 (2015).
[12] S. Petit, F. Moussa, M. Hennion, S. Pailhe`s,
L. Pinsard-Gaudart, and A. Ivanov,
Phys. Rev. Lett. 99, 266604 (2007).
[13] Q. Zhang, M. Ramazanoglu, S. Chi, Y. Liu, T. A. Lo-
grasso, and D. Vaknin, Phys. Rev. B 89, 224416 (2014).
[14] F. Kadlec, V. Goian, C. Kadlec, M. Kempa, P. c. v.
Vaneˇk, J. Taylor, S. Rols, J. Proklesˇka, M. Orlita, and
S. Kamba, Phys. Rev. B 90, 054307 (2014).
[15] P. Rovillain, R. de Sousa, Y. Gallais, A. Sacuto, M. A.
Measson, D. Colson, A. Forget, M. Bibes, A. Barthelemy,
and M. Cazayous, Nat Mater 9, 975 (2010).
[16] A. Pimenov, A. A. Mukhin, V. Y. Ivanov, V. D. Travkin,
A. M. Balbashov, and A. Loidl, Nat. Phys. 2, 97 (2006).
[17] A. B. Sushkov, R. V. Aguilar, S. Park, S.-W. Cheong,
and H. D. Drew, Phys. Rev. Lett. 98, 027202 (2007).
[18] Y. Takahashi, R. Shimano, Y. Kaneko, H. Murakawa,
and Y. Tokura, Nat. Phys. 8, 121 (2012).
[19] T. Kubacka, J. A. Johnson, M. C. Hoffmann, C. Vicario,
S. de Jong, P. Beaud, S. Gru¨bel, S.-W. Huang, L. Huber,
L. Patthey, Y.-D. Chuang, J. J. Turner, G. L. Dakovski,
W.-S. Lee, M. P. Minitti, W. Schlotter, R. G. Moore,
C. P. Hauri, S. M. Koohpayeh, V. Scagnoli, G. Ingold,
S. L. Johnson, and U. Staub, Science 343, 1333 (2014).
[20] D. Senff, P. Link, K. Hradil, A. Hiess, L. P. Regnault,
Y. Sidis, N. Aliouane, D. N. Argyriou, and M. Braden,
Phys. Rev. Lett. 98, 137206 (2007).
[21] P. Rovillain, M. Cazayous, Y. Gallais, M.-A. Me-
asson, A. Sacuto, H. Sakata, and M. Mochizuki,
Phys. Rev. Lett. 107, 027202 (2011).
[22] A. F. Garc´ıa-Flores, A. F. L. Moreira, U. F. Kaneko,
F. M. Ardito, H. Terashita, M. T. D. Orlando,
J. Gopalakrishnan, K. Ramesha, and E. Granado,
Phys. Rev. Lett. 108, 177202 (2012).
[23] P. Dai, H. Y. Hwang, J. Zhang, J. A. Fernandez-Baca,
S.-W. Cheong, C. Kloc, Y. Tomioka, and Y. Tokura,
Phys. Rev. B 61, 9553 (2000).
[24] F. Moussa, M. Hennion, F. Wang, P. Kober,
J. Rodr´ıguez-Carvajal, P. Reutler, L. Pinsard, and
A. Revcolevschi, Phys. Rev. B 67, 214430 (2003).
[25] J. J. Wagman, D. Parshall, M. B. Stone, A. T.
Savici, Y. Zhao, H. A. Dabkowska, and B. D. Gaulin,
Phys. Rev. B 91, 224404 (2015).
[26] H. Bethe, Zeitschrift fu¨r Physik 71, 205 (1931).
[27] E. Lieb, T. Schultz, and D. Mattis,
Annals of Physics 16, 407 (1961).
[28] F. D. M. Haldane, Phys. Rev. Lett. 50, 1153 (1983).
[29] I. Affleck, Journal of Physics: Condensed Matter 1, 3047 (1989).
[30] S. B. Oseroff, S.-W. Cheong, B. Aktas, M. F.
Hundley, Z. Fisk, and L. W. Rupp, Jr.,
Phys. Rev. Lett. 74, 1450 (1995).
[31] B. Lake, D. A. Tennant, C. D. Frost, and S. E. Nagler,
Nature Materials 4, 329 (2005).
[32] I. Tsukada, Y. Sasago, K. Uchinokura, A. Zheludev,
S. Maslov, G. Shirane, K. Kakurai, and E. Ressouche,
Phys. Rev. B 60, 6601 (1999); M. Kenzelmann, A. Zhe-
ludev, S. Raymond, E. Ressouche, T. Masuda, P. Bo¨ni,
K. Kakurai, I. Tsukada, K. Uchinokura, and R. Coldea,
Phys. Rev. B 64, 054422 (2001).
[33] F. D. M. Haldane, Phys. Rev. B 25, 4925 (1982).
[34] G. Castilla, S. Chakravarty, and V. J. Emery,
Phys. Rev. Lett. 75, 1823 (1995).
[35] B. Bu¨chner, U. Ammerahl, T. Lorenz,
W. Brenig, G. Dhalenne, and A. Revcolevschi,
Phys. Rev. Lett. 77, 1624 (1996).
[36] M. C. Cross and D. S. Fisher,
Phys. Rev. B 19, 402 (1979).
[37] G. Wellein, H. Fehske, and A. P. Kampf,
Phys. Rev. Lett. 81, 3956 (1998).
[38] F. Becca, F. Mila, and D. Poilblanc,
Phys. Rev. Lett. 91, 067202 (2003).
[39] L. Zhao, T.-L. Hung, C.-C. Li, Y.-Y. Chen, M.-K.
Wu, R. K. Kremer, M. G. Banks, A. Simon, M.-H.
Whangbo, C. Lee, J. S. Kim, I. Kim, and K. H. Kim,
Advanced Materials 24, 2469 (2012).
[40] C. Lee, J. Liu, M.-H. Whangbo, H.-J. Koo, R. K. Kremer,
and A. Simon, Phys. Rev. B 86, 060407 (2012).
[41] S. Lebernegg, M. Schmitt, A. A. Tsirlin, O. Janson, and
H. Rosner, Phys. Rev. B 87, 155111 (2013).
[42] S. Seki, T. Kurumaji, S. Ishiwata, H. Matsui, H. Mu-
rakawa, Y. Tokunaga, Y. Kaneko, T. Hasegawa, and
Y. Tokura, Phys. Rev. B 82, 064424 (2010).
[43] P. A. Fleury and R. Loudon, Phys. Rev. 166, 514 (1968).
[44] U. Fano, Phys. Rev. 124, 1866 (1961).
[45] Y. R. Shen and N. Bloembergen,
Phys. Rev. 143, 372 (1966).
[46] M. Isobe and Y. Ueda,
Journal of the Physical Society of Japan 65, 1178 (1996).
[47] I. S. Jacobs, J. W. Bray, H. R. Hart, L. V. Interrante,
J. S. Kasper, G. D. Watkins, D. E. Prober, and J. C.
Bonner, Phys. Rev. B 14, 3036 (1976).
[48] M. Hase, I. Terasaki, and K. Uchinokura,
Phys. Rev. Lett. 70, 3651 (1993).
[49] H. Kuroe, T. Sekine, M. Hase, Y. Sasago, K. Uchi-
nokura, H. Kojima, I. Tanaka, and Y. Shibuya,
Phys. Rev. B 50, 16468 (1994).
[50] H. Kuroe, H. Seto, J. ichi Sasaki,
T. Sekine, M. Isobe, and Y. Ueda,
Journal of the Physical Society of Japan 67, 2881 (1998).
[51] P. H. M. van Loosdrecht, J. P. Boucher, G. Mar-
tinez, G. Dhalenne, and A. Revcolevschi,
Phys. Rev. Lett. 76, 311 (1996).
[52] M. G. Banks, R. K. Kremer, C. Hoch, A. Simon,
B. Ouladdiaf, J.-M. Broto, H. Rakoto, C. Lee, and M.-H.
Whangbo, Phys. Rev. B 80, 024404 (2009).
[53] M. Scha¨pers, A. U. B. Wolter, S.-L. Drechsler, S. Nishi-
moto, K.-H. Mu¨ller, M. Abdel-Hafiez, W. Schotten-
hamel, B. Bu¨chner, J. Richter, B. Ouladdiaf, M. Uhlarz,
R. Beyer, Y. Skourski, J. Wosnitza, K. C. Rule, H. Ryll,
6B. Klemke, K. Kiefer, M. Reehuis, B. Willenberg, and
S. Su¨llow, Phys. Rev. B 88, 184410 (2013).
